Analysis was undertaken using Restricted Maximum Likelihood (REML) with an animal model of the results of selection for 20 generations for predicted lean mass in 10-week-old male mice. There were three replicates, each comprising high, low and unselected control lines. The overall estimates of heritability (h2) and common environmental correlations (c2) from results of the first seven generations were 0.51 0.03 and 0.21 0.01, respectively. Analyses of data from different lines and different numbers of generations were undertaken but with all pedigrees and data included, which enabled inferences to be drawn on changes in variance that were not due simply to inbreeding or short-term effects of selection. Estimates of h2 were lower in selected lines than the control, increasingly so in later generations, indicating departure from the infinitesimal model assumption of unlinked additive genes each of very small effect. In addition, values of c2became higher in high than in control or low selected lines.
Introduction
In the analysis of data spanning more than one generation, the estimation of genetic parameters, such as heritability, and the prediction of breeding values in farm livestock, are generally based on the assumption that data on relatives are multivariate normally distributed and satisfy the infinitesimal genetic model. This requires an infinite number of unlinked genes of small effect, such that selection does not change the variance as a consequence of gene frequency change but only by inducing transient gametic disequilibrium, and variance within families changes only in proportion to the inbreeding coefficient of the parent (Bulmer, 1980) . For livestock with long generation intervals, changes in variance and heritability over many generations cannot be estimated, but this opportunity exists with laboratory animals. Data were available spanning almost 40 generations on lines of mice selected for body weight and lean growth. These were analysed with the aim of Thompson, 1971) are unbiased by the presence of fixed effects. By fitting an animal model, in which the phenotype of each animal is expressed in terms of its breeding value and other random effects and the variances and covariance of observations are specified by use of a relationship matrix, all information is included and properly weighted. Furthermore, the animal model enables parameters of the base population to be estimated without bias, despite selection and finite population size, provided that the pedigrees are complete, all data on which selection is practised are included, and the infinitesimal model holds (Sørensen & Kennedy, 1984; van der Werf & de Boer, 1990) . Thus, under the infinitesimal model, estimates of the genetic variance in the base population have the same expectation whether data are taken from unselected or selected lines, or from a few or many generations. By taking different datasets from the selection experiments, the model can be tested in this way.
This paper describes the analysis of lines of mice (P lines) selected for 20 generations on an index of lean mass, with replications and unselected controls. Subsequently selection was practised without replication for body weight, and the analysis of these data, including a discussion of an apparent selection plateau, is described in a second paper (Beniwal et al., 1992) .
Litter size was recorded each generation, and the estimation of its genetic parameters and their changes are also reported in a second paper. Analyses using similar methods on another set of lines selected for food intake from the same base population have been published previously (Meyer & Hill, 1991) .
Materials and methods

Animals
The P lines were established from a three-way cross base: two inbreds were intercrossed, their F1 was crossed to an outbred line, and generation 0 followed one generation of random mating. Each of the three replicates was derived from a different set of full sib families. High, low and unselected control lines of each replicate were started from the same families. A full account of the origins and response in early generations is given by Sharp et al. (1984) . Sixteen full sib families were maintained per line for the first seven generations, and subsequently eight families per line. Selection was practised within families and mating was by the maximum avoidance scheme of Falconer (1973) ; near relatives were used to make up losses through death or infertility. Numbers reared per litter were restricted where possible to a range 6-12 by cross fostering and culling.
Selection was practised for a simple phenotypic index of predicted lean mass, more strictly non-fat mass of males at 10 weeks of age, which is referred to simply as lean mass (LM).
LM= BW (body weight)-8 X FW (gonadal fat pad weight), because approximately one-eighth of the body fat is contained in the gonadal pads. Males were mated prior to recording and litters retained only from selected males. Four males per family were recorded in the high and low selected lines, two in the controls.
Statisticalmethods
Analysis of lean mass was undertaken for the animal model using the derivative-free REML package of Meyer (1988) . Standard errors were computed from the second derivative of the natural log likelihood around the maximum. The model was y Xb +Za+Wc +e where y is the vector of observations; b is the vector of fixed effects, including generations, replicates and litter size at birth; a is the vector of additive genetic effects of individuals, with var(a) =AVA, where A is the numerator relationship matrix and VA is the additive genetic variance; c is the vector of litter effects, with var(c) =IV, where V is the common family environment or litter variance and I is the identity matrix; e is the vector of random environmental effects, with var( e) ='YE' where VE is the environmental variance; a, c and e all have mean zero and are uncorrelated; X, Z and W are incidence matrices. Furthermore: l/= VA+ V+ VE is the phenotypic variance; h2= V.j V is the (narrow sense) heritability; c2 = Vc/ Vp is the proportion of variance from common family environment (sc-square' coefficient).
When data were analysed separately for each replicate, generations but not lines were fitted in the model because high, low and control lines of each replicate were derived from the same base families and were contemporaneous; whereas when data for each direction of selection from all three replicates were analysed, both generations and replicates were fitted because they did not have the same base families.
All analyses included pedigrees back to the base population, incorporating all animals including the female parents with no records on the trait under selection. The numbers of records, animals and litters for different datasets analysed are given in Table 1 , the total comprises records on 5,792 mice from 1,858 litters. Initially analyses were done on the first seven generations to give base population estimates; subsequently the data on 20 generations were used in various combinations.
Preliminary analyses gave different estimates of genetic and common environment variance in, for example, high and control lines when analysed separately. These analyses, however, do not utilize the divergence between lines caused by selection, and so are not efficient. In order to incorporate the genetic change but eliminate environmental effects common to generation, a model was fitted in which the variances in a pair of different lines or over different generations were not assumed to be the same. The method followed that of Visscher & Thompson (1990) . Let When more parameters are fitted the computing needed to maximize the likelihood is substantially increased, and so models incorporating heterogeneity of VA or V were not run on all datasets.
Results
Responses
The mean lean mass of males for each line and generation is shown in Fig. 1 . At generation 20 the means, standard deviations and coefficients of variation averaged over replicates were, respectively: high 38.0 g, 3.0 g and 9.0 per cent; control 27.5 g, 2.1 g and 7.8 per cent; and low 23.0 g, 1.7 g and 7.6 per cent. Thus the divergence between high and low lines was approximately seven phenotypic standard deviations. Further details of body weights and compositions are given by Hastings & Hill (1989) and Beniwal et al. (1992) . Analysis of data to generation 7
Under the assumption of homogeneous variances in different lines, estimates of variance components, h2 and c2 are given in Table 2 . Because the means and standard deviations had not changed greatly by generation 7, detailed results are given on untransformed data, log transformation having little effect on the partition of variance (see Table 2 ). Analysis of data to generation 20
Equivalent results to those in Table 2 for data to generation 20 are given in Table 3 . Because the means and variances, but not the coefficients of variation, of the high and low lines differed greatly, the natural logtransformed results are given in full. Variances are scaled by 10, thus a value of V= 100 X 10 on the log scale implies a coefficient of variation of approximately (100)1/2 = 10 per cent. The overall h2 estimate is 0.52 0.02, essentially unchanged from the analysis to generation 7 and the replicates are consistent.
Although estimates of heritability from the sets of selected lines, high (0.38) and low (0.46), taken separately are lower than the overall estimate, the departure is smaller than from the equivalent analysis on the 7 generation dataset. For high and low analysed together with controls, the estimates (0.53 and 0.49) are close to those overall. Thus this analysis suggests little change in genetic variance over generations. The estimates of common environmental variance (Vt) and correlation (c2) are greater in the high than low or control lines.
Analysis of sub-divided data assuming heterogeneity
Pairs of lines, high with control (Table 4 ) and low with control (Table 5) were analysed together with different additive genetic and common environment variances fitted in each line, so that the divergence between the lines caused by selection could be used in comparisons between them. In order to investigate in more detail how variances in the selected lines change, data were also split as, for example, control + first 7 generations of high and generations 8-20 of high. Differences Table 2 Estimates of variance components and genetic parameters for lean mass from data of generations 0-7
Lines
Rep. 1 to the base population. There is also evidence of heterogeneity of a common environment variance, it being highest in high and lowest in low, the fit being significantly better for comparisons in which the first generations of selected lines are included with the control. The predictions of breeding values from the REML analyses for each animal were averaged to show the mean genotype for each line each generation (Fig. 2 ). These were obtained using the model in which different l' but the same V were fitted to each of the high! control and low/control pairs over generations 0-20 (the first set of estimates in the heterogeneous VA and homogeneous V blocks in Tables 4 and 5 ). The consistency of the pairs is shown by similar predictions for control line means. The curves also illustate the consistent differences among the replicates after allowing for environmental sampling. The mean divergence at generation 20 of 0.53 units on the log scale is equivalent to a 1.7-fold high/low ratio, as observed (Fig. 1) .
Discussion
The estimate of heritability of lean mass in the base population of approximately 0.5 is close to that obtained by regression of response on selection differential from the first 11 generations . In view of the fact that selection was weak, within families in only one sex, the short-term change of variance caused by selection ('Bulmer effect') is likely to be small (Bulmer, 1980) and so the realized heritability estimate is little biased.
It is clear from the analyses over successive generations, however, that genetic variances reduced during the course of the experiment, by amounts which could not be ascribed to the Bulmer effect or to inbreeding because these are catered for by the REML analysis with the animal model. Substantial changes were also found in lines selected for an index of food intake and body weight selected from the same base population (Meyer & Hill, 1991) . The values in Tables 4 and 5 show different combinations of generations 0-20, 5-20, 8-20 and 15-20 and these can be extended by making the simple assumption that these are subsets of results of individual generations weighted by numbers recorded. Thus approximate estimates of VA (x 10-a on the log scale) are as follows. The observed responses ( Fig. 1) and responses predicted from mean breeding values (Fig. 2) show very good agreement, despite the fact that the predicted [15] [16] [17] [18] [19] [20] variances were assumed to remain constant. A similarly 12 good fit could be obtained with other models. This is 15 because, in this experiment where, for example, high and control lines are compared, their observed difference in means is already an excellent predictor of breeding value. If an incorrect heritability is used, the expected response (h2 x selection differential) differs from that realized; but this is attributed to genetic drift and is also incorporated into subsequent generations.
The likelihood of the data is much more clearly affected by the use of incorrect parameters. If, however, only a single line without a control had been maintained, the predicted response would have been highly sensitive to the estimate of heritability; the difference between predicted and actual response would have been attributed to environmental change. The response to selection on body weight shown in Table 5 Estimates of variance components and genetic parameters for lean mean in control (C) + low (L) lines for log-transformed data of generations 0-20, together with log-likelihood ratios, from analyses with both homogeneous and heterogeneous additive genetic and common litter variance assumptions The infinitesimal model assumption therefore broke down, even though selection was weak. The methods give no pointer as to what changes took place, but it is most likely that not all genes influencing predicted lean mass had a sufficiently small effect that their changes in gene frequency and consequent changes in variance were negligible. The model also assumes that loci are unlinked, so disequilibrium caused by selection among linked loci contributes to changes in variance. Note that the model is solely of additive gene action at autosomal loci: epistatic and dominance components are assumed negligible and it is uncertain how their presence, let alone changes in them, influence estimates of variance referred back to the base population.
There is some evidence that sex-linked effects influence responses in these lines. After a further 14 generations of selection for body weight (Beniwal et a!., 1992) reciprocal F1 crosses and backcrosses were made of the high and low lines. It was found that the X chromosome (which comprises approximately 5 per cent of the mouse genotne) was responsible for approximately 25 per cent of the divergence between the high and low lines (Hastings, 1990; Veerkamp, 1991) . Subsequent unpublished analyses have also shown that this effect was present in all the original three replicate lines, and did not result from mutation. Selection up to generation 20 was restricted to males in which sexlinked genes are hemizygous and dominance effects absent. Higher selection pressure is thereby, in effect, put on sex-linked genes (Grossman & Eisen, 1989) although an alternative explanation, that of a single sexlinked 'major gene', cannot be rejected. The model did not include any component for new variation derived from mutation. Extensive data on Drosophila suggest mutational heritabilities (VM/ VE = ratio of variance per generation from mutation to environmental variance) of about 0.00 1 for bristle number (Lynch, 1988) . Data are scanty for mammals, but for body weight at 6 weeks this could be as high as 0.01 (Keightley & Hill, 1990 ). If mutation rates are substantial, the reduction in initial variance is greater than calculated in the present analysis.
Terms for genetic variance in the base population and for mutation were therefore included in the animal model (following Keightley & Hill, 1990) It was observed that the component of variance attributed to common environment (litter, c2) also changed, becoming substantially higher in the high than low lines over the 20 generations. Litter size is higher in the high line (Brien eta!., 1984; Beniwal eta!., 1992) as are birth and weaning weights of the young mice, so greater demands are imposed on their dams and the higher c2 component may reflect greater expression of dams' maternal ability in the high than low lines, a point discussed further in the subsequent paper. The common environmental variance is confounded with non-additive genetic variance, so genetic changes could also have contributed to the apparent changes in 1/ and c2. The highest coefficient of non-additive genetic components in the covariance of full sibs is onequarter for the dominance and additive X additive terms. It would, therefore, require very large changes in such components to effect the changes found in the estimates of V and c2; so it seems reasonable to assume that the causes were mainly environmental.
The estimates of parameters differed among the replicates, but no more than would be expected from the standard errors estimated within replicates (i.e. generation 7, h2 range 0.08, average s.e. = 0.05; generation 20, h2 range 0.02, average s.e. 0.04). This illustrates the utility of the animal model in obtaining standard errors without replications and without making very crude assumptions about independence of errors in regression (realized heritability) or of correcting such estimates (Hill, 1972) .
In view of the magnitude of the changes in genetic and non-genetic variances observed it is clear that reestimation of parameters should be undertaken within breeding programmes employing Best Linear Unbiased Prediction (BLUP) so that current values, relevant to comparison of animals available for selection, are used. The method by which changing para-meters should be incorporated in data spanning many generations needs investigation, however. Fortunately, comparisons among contemporaries are fairly robust against poor estimates of heritability, those among noncontemporaries and estimates of genetic trends in selected populations maintained without a contemporaneous unselected control are less so.
The analyses presented here of data from selection experiments have included novel features, in particular the adoption of assumptions of heterogeneity of variance in selected and control or in divergent lines. This enabled environmental effects common to generation means to be eliminated and all pedigrees fitted, so efficient estimates could be obtained. Such analyses showed more unequivocally the effects of selection on variance than did those on individual lines. There is clearly scope for more sophisticated analyses to track the path of change in variance, but experiments would need to be large for such analyses to have useful precision. It would also be useful to extend beyond the infinitesimal model, for example, to incorporate segregation of one or more genes of large effect (Hill & Knott, 1990 ); but such analyses are computationally demanding, especially if more than one locus is fitted.
They might go further toward understanding the biology of the trait under selection, in contrast to the analysis here which has concentrated on the animal and the trait as a model for investigation at the statistical level of responses to long-term selection.
